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Introduction

39
The larvae of Drosophila melanogaster breathe through a network of tracheal tubes 40 reminiscent of vertebrate blood vessels. The anatomy of the tracheal system is 41 defined during the second half of embryogenesis, and originates from ten bilateral 42 ectoderm-derived tracheal placodes. Tracheal cells migrate outwards from each 43 placode in response to the fibroblast growth factor (FGF) Branchless (Bnl), secreted 44 by small groups of cells around each placode (Du et al., 2017; Ohshiro et al., 2002; 45 Sutherland et al., 1996) . Most migratory movements of tracheal cells throughout 46 embryogenesis are thus directed by the FGF receptor Breathless (Btl). During their 47 movements, tracheal cells encounter signalling factors secreted by other tissues. In 48 response to these positional cues, the cells express different transcription factors 49 that in turn modify their morphogenetic behaviour. This leads to the adoption of 50 genetic fates corresponding to the anatomical location of each cell within the 51 tracheal system (Rao et al., 2015) . Fusion events between primary branches from 52 neighbouring tracheal placodes establish an interconnected tubular system by the 53 end of embryogenesis, which then remains unchanged in its anatomy throughout 54 the larval stages. 55
The dorsal branches have received much attention because their migratory 56 movement and the mechanisms that determine cell fates within them are similar to 57 vertebrate sprouting angiogenesis (Kotini et al., 2018) . Dorsal branches supply the 58 muscles of the dorsal body wall with oxygen and connect directly to the dorsal 59 trunks, the largest tracheal tubes. Each body segment contains one pair of bilateral 60 dorsal branches that meet at the dorsal midline near the end of embryogenesis. 61
Each dorsal branch has one specialised fusion cell at the tip, which establishes 62 contact with its contralateral counterpart and mediates the epithelial fusion of the 63 two dorsal branches. Distal to this anastomosis, each dorsal branch has one 64 terminal cell that attaches to a muscle, which it will later supply with oxygen. After 65 the fully developed larva hatches, the anatomy of the tracheal system remains 66 unchanged. Instead, the terminal cells located at branch tips throughout the network 67 undergo subcellular branching morphogenesis, forming long cellular processes that 68 wrap around oxygen-demanding tissues. Terminal cell branches contain subcellular 69 tubes that are continuous with the tracheal lumen and deliver air to the target tissue. 70
Most tracheal tubes consist of a single layer of squamous epithelial cells, lined by a 71 basal lamina towards the interior of the animal. On their lumenal membrane, 72 tracheal cells secrete an apical extracellular matrix, which confers mechanical 73 stability to the tubes and enables them to conduct air to the body's tissues. This 74 matrix strongly autofluoresces when illuminated with near-ultraviolet light (Lin et al., 75 2008), which we exploit here to image tracheal tubes in Drosophila larvae. Like all 76 epithelial cells, tracheal cells use Rab GTPases to organise the delivery of proteins 77 and membrane to specific membrane compartments. Rab proteins recruit various 78 effectors, including key components of the vesicle trafficking machinery, such as 79 kinesins and myosins (Campa and Hirsch, 2017) , as well as tethering complexes 80 (Cai et al., 2007) . With their role as key regulators of membrane trafficking Rab 81
GTPases are thus a promising group of genes to study for understanding tracheal 82 morphogenesis. Some Rabs have been connected with specific roles in this 83 developmental process. Rab11 is important for recycling E-cadherin and for 84 junctional remodelling during branch migration and during cell intercalation, when 85 branches transition from multicellular to unicellular architectures (Cheshire et al., 86 2008; Kerman et al., 2008) . Rab9 Tracheal cells' response to signalling cues from other tissues and the conserved 94 function of Rabs suggest that the receptors of these signals require Rabs for their 95 delivery to the plasma membrane, as well as their recycling, degradation, and 96 possibly as part of their activation mechanism. Since all signals come from 97 surrounding tissues, the membrane surface where receptors must be located to 98 sense them is the basal membrane domain. Alternatively, signalling factors could be 99 endocytosed and meet their receptor in endosomal membrane compartments. In 100 case of terminal cells and fusion cells, the known involvements of some Rabs in 101 their subcellular morphogenesis suggested that these and other Rabs might play so 102 far unknown roles in cell shape determination. We therefore conducted an RNAi-103 mediated knockdown screen of 27 Drosophila rab genes and looked for phenotypes 104 relating to the dorsal branches and terminal cells in wandering third-instar larvae. 105
This represents the endpoint of tracheal development before metamorphosis, during 106 which most of the architecture is replaced by new tracheal cells (Djabrayan et al., 107 2014) . To increase confidence in our results and eliminate false positives, we did 108 not use RNAi transgenes directly targeting the Rabs but instead used a collection of 109 endogenously YFP-tagged Rabs (Dunst et al., 2015) and knocked them down using 110 an RNAi transgene targeting the tag. This approach is similar to the previously 111 reported "in vivo GFP RNAi" (iGFPi) and "tag-mediated loss-of-function" methods 112 (Neumüller et al., 2012 ; Pastor-Pareja and Xu, 2011). To reflect the tag and target 113 involved, we term the method "YRab-YFPi" in this paper.
We explored knock down approaches targeting the tag at RNA and protein level, 115 and tested their ability to identify maternally contributed gene products. We discuss 116 advantages and limitations of this screening approach. Our screen results show that 117 14 Rabs are required in dorsal branch morphogenesis, with knockdown phenotypes 118 indicating that these Rabs are involved in cell fate specification and/or epithelial 119 fusion. Furthermore, Rab2, Rab6, Rab8 and Rab10 are required for the 120 morphogenesis of terminal cells during the larval stages. 121
Results
122
Expression of Rabs in terminal tracheal cells 123
As a basis for screening the functions of Rabs, we first characterised their 124 expression and compared the efficiency and validity of different ways of reducing 125 gene function in terminal cells. To characterise Rab expression in terminal cells, we 126 imaged L3 wandering larvae carrying endogenously YFP-tagged rab alleles (YRabs) 127 and examined either YFP fluorescence in heat-fixed larvae, or dissected larvae and 128 quantified the intensity of staining using an anti-GFP antibody ( Fig. 1A-C ). We 129 distinguish three classes: YRabs that can be clearly detected by the YFP 130 fluorescence in live or heat-fixed larvae (YRab1, 2, 6, 7, 11; Fig. 1D -G show stained 131 specimens), YRabs that can be detected only by immunostaining (YRab5, 8, 10, 39, 132 40) and YRabs whose expression, if it exists, is too low to be distinguished from 133 unspecific staining by either method (YRab3, 4, 9, 14, 18, 19, 21, 23, 26, 27, 30, 32, 134 35, X1, X4, X5, X6). All detectable YRabs showed a punctate staining in the TC 135 cytoplasm with no particular enrichment anywhere in the cell. 136
Knockdown of endogenously tagged Rab GTPases by GFP-RNAi or
The general aim of our screen was to knock down all Rabs of which endogenously 139 YFP-tagged alleles exist, using an indirect approach where the knockdown 140 construct targets the YFP-tag. To identify the most efficient knockdown construct, 141
we first compared the ability of different RNA interference (RNAi) and nanobody 142 constructs that were originally designed against GFP to eliminate YFP fluorescence 143 of tagged Rab1, because this Rab had the strongest endogenous YFP signal. This 144 narrowed our choice down to one RNAi and one nanobody construct, which we then 145 compared in more detail by their ability to elicit an easily quantifiable loss-of-function 146 phenotype related to Rab19 in the tracheal system. We finally chose the RNAi 147 construct for all further work. We validated the indirect knockdown approach by 148 testing its recapitulation of published tracheal phenotypes related to Rabs, and 149 explored the capability of this approach to identify maternal contribution. 150
Selection of knockdown construct for YRab-YFPi 151
The principle of knocking down an endogenously tagged protein by targeting the tag 152 has been demonstrated in several previous studies. We compared the knockdown 153 efficiency of two GFP-RNAi constructs (GFP-IR1 from NIG and EGFP.shRNA.3 154 from BDSC) and two different nanobody insertions (deGradFP either in a P-element 155 or an M-element) by imaging endogenously YFP-tagged Rab1 (YRab1). YRab1 is 156 expressed at high levels in the larval epidermis, which we used for this optimisation 157 because it is easy to image and the genetic tools allow obtaining an internal control 158 within one animal. Due to the structural similarity of GFP and YFP, most constructs 159 recognise both tags. Each knockdown construct was expressed under engrailed-160 gal4 to obtain epidermal cells expressing the construct juxtaposed to cells not 161 expressing it, and the level of YFP fluorescence in the neighbouring cell groups was 162 compared to measure knockdown efficiency. We found that out of the four 163 knockdown constructs, GFP-IR1 eliminates the YFP signal with the highest 164 efficiency ( Fig. S1 ), followed by the other RNAi construct. Nanobody-mediated 165 knockdown reduced YFP signal but sometimes failed to eliminate the punctate 166 structures characteristic for YRab1. We also verified that GFP-IR1 depletes YFP 167 fluorescence of YRab1 in tracheal terminal cells when driven by breathless-gal4 (btl-168 gal4) ( Fig. 2H -I). 169
Comparison of RNAi and deGradFP at phenotype level 170
We considered the possibility that the fluorescence of the YRab1 protein might not 171 necessarily correspond to its Rab activity, for example if the nanobody was able to 172 inactivate YRab1 protein by binding it [find ref for antibody binding can modify 173 structure of protein], but did not successfully target it for degradation. To test this, 174 we compared the phenotype severity elicited by GFP-IR-1 to deGradFP using an 175 easily quantifiable defect. We had noticed that in larvae where Rab19 is depleted 176 under the btl-gal4 driver, dorsal branches frequently had excess TCs (Fig. 2B, D) . 177
When we compared the effect of GFP-IR-1 to deGradFP, we found that the 178 frequency of excess TCs was similar when YRab19 was knocked down by GFP-IR-1 compared to deGradFP, or compared to the combination of both ( Fig. 2D ). Thus, 180 even though deGradFP did not eliminate YRab1 fluorescence fully in the previous 181 test, it achieves a similar level of Rab19 loss-of-function as GFP-IR-1, and 182 combining both did not further improve the knockdown efficiency. We therefore 183 suggest that deGradFP may be capable of interfering with the function of other 184 protein domains simply by binding the fluorescent tag domain, even without 185 targeting the entire protein for degradation. To further confirm that GFP-IR-1 and 186 deGradFP are functionally equivalent knockdown approaches, we tested both 187 against the preliminary "Rabs of interest" for terminal cells, i.e. those with the 188 strongest expression level (Rab1, 7 and 11), and Rab8 due to its striking loss-of-189 function phenotype in terminal cells (described later). For Rab1, 7 and 11, neither of 190 the two knockdown approaches resulted in phenotypic abnormalities. For Rab8, the 191 phenotypic defects were of indistinguishable severity with both approaches (cf. Fig.  192 5 showing the results for RNAi). We therefore conclude that the loss-of-function 193 achieved by tag-mediated knockdown approaches is generally equivalent 194 regardless of whether the mRNA or protein product is targeted, and combining both 195 approaches does not achieve a higher knockdown efficiency. For our knockdown 196 screen, we chose to proceed using GFP-IR-1. 197
Consistency of YRab-YFPi with Rab-related tracheal phenotypes 198
To test the validity of YRab-YFPi, we compared the knockdown phenotypes to 199 those that have already been published for Rab7, Rab10 and Rab11, Rab35 and 200 Rab39. We could not apply this to Rab5, because even minimal knockdown of 201 YRab5 was lethal for larvae. Thus, no viable YRab5-homozygous larvae hatched, 202 regardless of whether we used btl-gal4 or dsrf-gal4, which is expressed in TCs and 203 muscles. YRab5-heterozygous larvae showed no abnormalities. In YRab7-and 204
YRab39-YFPi larvae, we observed an increased frequency of unfused dorsal branch 205 pairs ( . One possible explanation for the discrepancy between our results and the 213 reported phenotypes is that the latter resulted from overexpressing inactive Rab 214 mutant variants. Thus, either the YRab-YFPi in our experiments did not deplete the 215 Rabs sufficiently, or the reported phenotypes reflect ambiguous-dominant effects 216 rather than loss of function. The overexpressed mutant Rabs could for example not 217 only interfere with their wildtype counterpart's function, but simultaneously disrupt 218 the function of other Rabs on the same membrane compartment. 219
Degree of loss-of-function caused by indirect RNAi with btl-gal4 220
Errors in knockdown screens can arise from false positives (e.g. when the 221 knockdown construct affects other genes than the one targeted), and false 222 negatives (e.g. when the knockdown does not efficiently eliminate the gene 223 product). The YRab-YFPi method provides a strong control against false positives, 224 because the tag-knockdown construct can be expressed in the absence of a tagged 225 target. However, we suspected that false negatives may be present because some 226 phenotypes associated with perturbations of Rabs were not reproduced by YFPi in the previous experiments. We also generated TCs with a null mutation in 228 rab1 (rab1 S147213 ; We therefore conclude that 234 the loss-of-function caused by YRab-YFPi for Rab1 is either incomplete, and an 235 undetectable amount of residual YRab1 protein is sufficient for TCs to undergo 236 normal morphogenesis, or else, that the chromosome carrying the Rab1 mutation 237 also has other mutations on it that affect tracheal branching morphogenesis. 238
Maternal contributions of Rab7 and Rab19 239
A further concern of genetic interference with gene function is maternal contribution. were not fused as is normally the case (Fig. 2C ). In case of YRab7, the number of 257 excess TCs was not dependent on the genotype of the mother (Fig. 2J ), but the 258 number of unfused dorsal branches was ( Fig. 2K ). For YRab19 the reverse was the 259 case, the frequency of excess TCs was strongly affected by the maternal 260 contribution ( Fig. 2J ), but the number of unfused dorsal branches was not ( Fig. 2K ). 261
Maternally deposited rab7 and rab19 gene products therefore contribute to dorsal 262 branch morphogenesis. Since different phenotypes were affected by maternal 263 genotype, it is likely that each Rab's gene dosage is limiting for different 264 developmental processes. We tested YRab11 and YRab32 for maternal contribution 265 in the same way and similarly observed lower phenotypic penetrance in larvae from 266
YRab-heterozygous mothers. 267
Rabs required for cell fate specification and fusion in dorsal branches
268
To screen for knockdown phenotypes, we focussed on the dorsal part of the larval 269 tracheal system at L3 wandering stage ( Fig. 3D ). We found two categories of -misguided TCs (Fig. 3A) , growing either posterior to the fusion point into the next 281 segment, anterior into the previous segment, laterally or interior, usually failing to 282 tracheate the stereotypical target muscle; 283 -misfused DBs (Fig. 3B) , where fusion occurred laterally with the DB from the 284 previous or next segment, or diagonally across the midline with a DB from 285 another segment -we note that misfused DBs in some cases fused both with a 286 partner from a neighbouring segment, but also with a contralateral DB. This 287 suggests that the fusion cells of DBs have the capacity to fuse with more than 288 one partner fusion cell; 289 -and lastly missing TCs (Fig. 3C) . 290
Note that all five phenotypes were sometimes found in negative control larvae 291 (expressing GFP-RNAi but without tagged Rab) and in wildtype larvae (Oregon-R 292 strain). Thus, the phenotypes themselves cannot strictly be considered "defects", 293 but would be better described as deviations from the stereotypical configuration of 294 cells at DB tips. Stereotypically, eight of the eleven larval body segments each 295 contain two bilateral DBs that are fused at the dorsal midline ( Fig. 3D ). Distal to this 296 fusion point, one TC ramifies on each side ( Fig. 2A) . 297
We quantified the frequency of each abnormality in YRab-YFPi larvae (Fig. 3E ). We 298 found 14 Rabs that were associated with significant increases in the frequency of at 299 least one abnormality over control (i.e. 95% confidence interval of the difference 300 between knockdown and control was larger than 0). Five Rabs were associated only 301 with increased frequencies of excess TCs (Rab4, 11, 14, 23, 26). Two Rabs were 302 associated only with missing TCs (RabX4, X5). Two Rabs were associated with 303 both unfused DBs and misfused DBs (Rab27, Rab39). The remaining five Rabs 304 each showed a unique combination of defects (Rab7, 19, 32, 35, 40). Rab7 was the 305 only Rab associated with increased frequencies of all five types of defects. Most of 306 these phenotypic profiles can be explained by mistrafficking of signalling molecules, 307 which we discuss below. 308
Rabs required for terminal cell morphogenesis 309
To assess TC morphogenesis, we scored the number of branches per TC as the 310 primary outcome phenotype (Fig. 5A ). Only two YRab-YFPi samples showed 311 strongly reduced branch counts: Rab6 and Rab8. Rab7 was associated with a small 312 but statistically insignificant reduction of branch counts. Rab2, 18, 19, 35, 39, X1 313 were associated with significantly increased average branch counts. The effects on 314 branch numbers were slight (though significant) in most cases, and only Rab18 315 knockdown resulted in a more dramatic increase in the numbers of branches that 316 went well outside of the range we saw in controls. 317
Virtually every cellular pathway that has been studied in TCs, when perturbed, is 318 associated with changes in the number of branches (Best, 2019) . We therefore 319 consider branch number an unspecific phenotype that reflects overall TC "health". 320
We thus looked for qualitative differences in the morphology of the cells' cytoplasm 321
and their subcellular tube network. We used the autofluorescent apical extracellular 322 matrix to observe subcellular tube morphology ( Fig. 4A ). We first screened at least 323 50 TCs for each YRab-YFPi sample to compile a list of morphological abnormalities 324 ( Fig. 4 ). We then quantified the frequency of all of these features in at least 5 TCs 325 for each YRab-YFPi sample. Their frequencies per TC branch are shown in Fig. 5B . 326
We found no abnormalities relating to the shape of the cytoplasm (i.e. the cell soma 327 or branches). 328
Four Rabs were associated with aECM defects that were never found in controls, or 329 increased frequencies of phenotypes that also appear in controls: Rab2, Rab6, 330
Rab8 and Rab10. The most striking phenotypes were associated with Rab6 and 331
Rab8. Rab6-depleted TCs showed frequent disruptions of the aECM and gas-filling 332 ("gap", Fig. 4E ), indicating a collapse of the tube, as well as aggregations of 333 autofluorescent material on one side of the tube resembling a long fibre 334 ("autofluorescent fibre"; Fig. 4H ). In some cases, an aggregate of autofluorescent 335 material occupied the entire tube diameter like a "plug", correlating with a lack of 336 gas-filling ( Fig. 4E ). Rab2-depleted TCs showed the same abnormalities, although 337 the severity and frequency was markedly lower (Fig. 5B) , and branch numbers were 338 unaffected by YRab2-YFPi (Fig. 5A) . 339
Rab8-depleted TCs had defects in the number and branching of tubes. In some 340 branches, the main tube was enveloped with numerous thin tubules branching off 341 from it ("hairy branch", Fig. 4B ). Some of these tubules contained a mature aECM 342 as shown by the presence of taenidia and gas-filling, while others were not 343 connected to the main tube and had no visible lumen of their own. Rab10-depleted 344 TCs, although rarely, showed similar "specks" on the main tube as also seen in Rab8-depleted TCs with fewer "hairs". We therefore interpret this as a particularly 346 mild form of the "hairy branch" phenotype and have scored it accordingly for the 347 quantification ( Fig. 5B) . 348
Similar to previously reported phenotypes of tube bundling at branch tips (Levi et al., 349 2006; Schottenfeld-Roames and Ghabrial, 2012), we also found morphologies 350 where the tube tip was not straight ("curled tip") ( Fig. 4D ). These were present at a 351 low frequency in control cells (Fig. 5B) nanobody did not cause more penetrant dorsal branch abnormalities than either 402 knockdown alone. Thus, the same knockdown that may have been incomplete for 403 YRab1, may have reached saturation for YRab19. The quantitative connections 404 between RNAi efficiency, Rab expression and phenotype severity therefore cannot 405 simply be generalised. This is probably due to the unique functions of each Rab, 406 and differences in the knockdown efficiency that would be required to elicit any 407 defects in morphogenesis. 408
Involvement of Rabs in dorsal branch morphogenesis 409
The YRab-gfpIR screen revealed a large number of Rabs as required for proper 410 morphogenesis of the dorsal branch (DB). Among these are as yet uncharacterised 411 genes such as RabX5 and Rab19, but also well-known members of the family such 412
as Rab7 and Rab11. The developmental processes that underlie the DB defects 413 observed here are sufficiently well understood to suggest causative mechanisms, all 414 of which take place during embryogenesis. Given that Rabs are involved in 415 membrane trafficking, most cases can be explained by assuming that the Rab is 416 needed to deliver a receptor involved in cell fate specification or migration to the 417 appropriate membrane compartment. In this section, we interpret the knockdown 418 phenotype profile associated with each Rab to predict the signalling receptors that 419 require the Rab. 420
Cell fate determination within the DB can be subdivided into three steps (Hayashi 421 and normal number of TCs is a likely indicator of a defect in the fusion process rather 478 than fate specification. Rab39 is already known to be involved in secretion into the 479 newly forming fused lumen during this process (Caviglia et al., 2016) . The secretion 480 pathway in this fusion process proceeds through lysosome-related organelles, a 481 mechanism that involves Rab27 in immune cells (Fukuda, 2013 ). Furthermore, one 482
Rab27 effector regulating lysosome secretion in haematopoietic cells (Neeft et al., 483 2005 ) and platelets (Shirakawa et al., 2004) is Munc-13-4, the homologue of 484 Staccato, which was identified along with Rab39 on secretory lysosomes in tracheal 485 fusion cells (Caviglia et al., 2016) . Rab27 is therefore a strong candidate for 486 contributing to fusion along with Rab39. Rab40 was also associated with Missing 487
TCs and therefore probably participates in other processes besides fusion. Rabs (Rab7, Rab19, Rab27, Rab39, Rab40) could thus be involved in trafficking a 493 membrane-bound signalling molecule whose function involves direct cell-to-cell 494 contact, such as integrins. However, which receptors mediate the contact between 495 the DB and the muscle or epidermis is not known. 496
Involvement of Rabs in terminal cell morphogenesis 497
To identify Rabs with important roles in terminal cell (TC) morphogenesis, we first 498 scored the number of branches formed by TCs to obtain an unspecific readout of TC 499 "health". Second, we looked for a method of assessing TC morphology that could 500 provide information on the molecular pathway in which a Rab might be involved. 501
During a preliminary screening, we saw that control TCs frequently had branches 502 whose tubes appeared "abnormal", for example with a curled tube instead of a 503 straight one. We also observed that even TCs with striking defects often still formed 504 a subset of branches with normal morphology. This led us to a quantitative 505 approach, scoring the frequency of morphological abnormalities/features per 506 branch. 507 Those Rabs whose depletion caused strong reductions in branch numbers (Rab6 508 and Rab8) were also associated with the most severe phenotypes in their 509 subcellular tubes, consistent with our previous conclusion that TCs' ability to form 510 branches depends on their ability to form proper tubes (reviewed in Best, 2019) . 511
Rab2 and Rab10 showed abnormal tube features, albeit at low enough frequencies 512 that the cells' ability to form branches was not affected. In fact, Rab2-depleted TCs 513 had more branches than control TCs. Phenotypes with increased TC branch 514 numbers have so far only been associated with FGF and insulin signalling (Jones 515 and Metzstein, 2011; Wong et al., 2014) . Rab2 may thus be involved in the 516 trafficking of the FGF receptor, Btl, or the insulin receptor. 517
Two of the three morphological features that we observed in Rab2-and Rab6-518 depleted TCs, autofluorescent "plugs" and lumen gaps, can be explained by 519 mechanical instability of the aECM, which could cause portions of the lumen to 520 collapse. Given that Rab6 is part of the highly conserved "core" set of Rabs (Dunst 521 et al., 2015) , it is reasonable to assume that it is involved in maintaining the proper 522 function of Golgi compartments also in TCs. Its depletion could thus cause a 523 deficiency in the secretory system, and consequently an inability to secrete 524 structural components of the aECM into the lumen. Rab2 has been associated with 525 secretion in the fat body (Ke et al., 2018) , consistent with an interpretation where 526 this phenotype reflects a defunct secretory system. The defects that we found in 527 rab1 mutant TCs also included lumen gaps, consistent with a role of Rab1 in Golgi 528 and secretory function (Charng et al., 2014; Sechi et al., 2017) . The third feature, 529 autofluorescent "fibres", cannot be explained in this way. The deformation of the 530 gas-filled portion of the lumen indicates that these fibres represent a solid or liquid 531 material, and its autofluorescence suggests that it is the same material as the apical 532 extracellular matrix itself. We speculate that this may be remnants of matrix from the 533 previous larval moult that the TC failed to digest due to an inability to secrete the 534 necessary enzymes. 535
The phenotypes that we observed in Rab8-depleted TCs are the most difficult to 536 interpret. The hallmark of this phenotype was the formation of autofluorescent 537 specks on the main tube, as well as smaller tubules that branch off from it and 538 envelop it ("hairs"). This indicates a defect in the shaping of the apical membrane, 539 as well as potentially an enlargement of the apical domain. Apical domain expansion 540 can be induced by excess FGF signalling in TCs (Jones and Metzstein, 2011; 541 Schottenfeld-Roames and Ghabrial, 2012) , and the resulting phenotype is a curling 542 up of the tube near the nucleus or near branch tips. The "postjunctional curls" and 543 "curled tips" seen in Rab8-depleted TCs could thus be explained by this 544 misregulation of domain size, but the "hairs" cannot. In other Drosophila epithelia, 545
Rab8 plays a sorting role in polarised trafficking. Rab8-deficient cells secrete basal-546 directed cargo (Collagen) on their apical side (Devergne et al., 2017) . Perhaps in 547 TCs, basal structural or adhesive proteins missecreted on the apical side, i.e. in the 548 subcellular tube, can cause invaginations from the tube that then also accumulate 549 autofluorescent aECM (manifesting as specks) or extend and become tubules 550 ("hairs"). 551
Conclusion
552
We screened 26 Rab proteins to identify Rabs that are important for tracheal 553 morphogenesis. Targeting a YFP-tag to knock down endogenously tagged Rab 554 alleles, conferred high confidence that observed phenotypes are specific to the 555 tagged Rab and not false positives. We identified 14 Rabs as required for dorsal 556 branch morphogenesis during embryogenesis. The phenotypes indicated fate 557 specification defects resulting in excess terminal cells, mismigration and failure of 558 the fusion between contralateral dorsal branches. Some of the most severe 559 phenotypes were associated with Rabs that are barely or not at all characterised, 560 such as Rab19 and RabX5, making the tracheal dorsal branch a promising model to 561 study their function. In contrast, only 4 Rabs were important for the morphogenesis 562 of terminal cells during the larval stages. Rab2 and Rab6, were associated with 563 abnormalities in the apical extracellular matrix that lines the lumen of the terminal 564 cells' subcellular tube network. These could be explained by defects in the secretory 565 system, in which these Rabs are canonically involved. Rab8 and Rab10 were 566 associated with terminal cell phenotypes that are hard to interpret because currently 567 little is known about trafficking directed towards the basal membrane in terminal 568
cells. 569
Methods 570 Drosophila strains and culture 571 All stocks were kept at 18°C and all crosses to generate lines were cultured at 25°C. 572
All experimental crosses were cultured at 29°C to increase Gal4 expression. Only 573 the crosses for YRab6 knockdown were cultured at 25°C because larvae did not 574 reach the L3 stage at 29°C. The 27 YRab lines were a kind gift from M. Brankatschk 575 (Dunst et al., 2015) . Btl-gal4 (Shiga et al., 1996) DsRed1. This required 10 recombined lines for Rabs on the second chromosome 584 (Rab2, 3, 4, 5, 6, 9, 14, 30, 32, X1) and 10 recombined lines for Rabs on the third 585 chromosome (Rab1, 7, 8, 11, 19, 23, 26, X4, X5, X6). We confirmed the presence of 586 the YRab allele in all lines by PCR using genotyping primers flanking the start codon 587 (see table S3 ), such that the product length increases if the YFP insertion just after 588 the start codon is present. Btl-gal4 was not homozygous viable and was balanced 589 with TM6b,Tb,Hu. Likewise, GFP-IR1 was balanced with CyO,dfdYFP in some 590
YRab-recombined lines. The Tb and dfdYFP markers were used to screen out 591 balancer larvae during experiments. 592
For MARCM, we crossed males from an hs-Flp; btl-gal4, UAS-GFP; FRT82B, tub-593
Gal80 driver line to virgins of the FRT82B, Rab1 S147213 /TM3 line (BDSC ID 37735) 594 (Sechi et al., 2017) . Embryos were collected for 6h at 25°C and then heatshocked at 595 38°C for 2h before being returned to 25°C culture. Third-instar wandering larvae 596 were screened for GFP-positive terminal cells. 597
Immunostaining for YRab expression
598 Third-instar wandering larvae of each YRab line were dissected according to 599 standard protocol to expose the dorsal tracheal system and fixed for 15-20min in 8% 600 paraformaldehyde. Fixed filets were kept in blocking buffer (1% w/v bovine serum 601 albumin in phosphate-buffered saline) for 45min before incubation with anti-GFP 602 antibody A-11122 (Thermo Fisher) diluted 1:500 in blocking buffer at 4°C overnight. 603
Filets were then washed three times for 10min in PBS with 0.1% Triton-X and 604 incubated with Alexa568-conjugated anti-rabbit secondary antibody diluted 1:500 in 605 blocking buffer at room temperature for 1h. Filets were mounted in Vectashield 606 medium with diamidino-phenylindole (DAPI; Vector Laboratories). We tested five 607 different rabbit anti-GFP antibodies: A-11122 (Thermo Fisher), TP401 (Torrey Pines 608 Biolabs), mAb anti-GFP (Upstate Biotec), Ab290 (Abcam) and antiGFP 598 (MBL). 609
All five produced substantial unspecific staining in TCs of w-control larvae. This 610 staining had a punctate distribution, similar to the distribution that Rabs typically 611
show. We therefore quantified the staining intensity, comparing TCs of yrab larvae 612 to w 1118 larvae that were treated in parallel with the same batch of antibody. 613 resulting values for each YRab were compared to the negative control cells 636 recorded in the same microscopy session from the same staining experiment. 637
Heat-fixation for phenotype assessment
We created custom spreadsheets to record phenotype occurrences for each larva 638 (respectively terminal cell; raw data in tables S1 and S2). We used the Shared 639 Control, Two Groups and Multi Two Groups plots of the Estimation Stats online tool 640 (Ho et al., 2018) for comparative estimation of effect sizes and p-value calculation. 641
We considered effects significant if their 95% confidence interval was entirely above 642 or below 0. Heatmap plots of phenotype frequencies were generated using the 643 Morpheus online tool (Gould, 2016) . Our initial screening for TC abnormalities 644 included six additional phenotypes that we then discarded because they were 645 overall too infrequent ("u-turn", "cyst", "triple junction", "degenerate second lumen"), 646 redundant ("hairy junction"), or their frequency never differed from controls ("wavy 647 lumen"; can be seen in Fig. 4A) . 648
Data and reagent availability 649 The raw data (counts of phenotypes per larva, respectively per terminal cell) can be 650 found in tables S1 and S2. Table S3 contains 
